Introduction
============

Osteosarcoma is the most common type of malignant tumor arising from bone, especially in children and adolescents, with an incidence of 4.4 per million in the USA.[@b1-ott-11-3159] Over the past 30 years, outcomes and treatment for osteosarcoma remain nearly constant. Children and young adults with localized, nonmetastatic disease have a 60%--70% chance of survival 5 years after diagnosis; however, outcomes for patients with metastatic disease are very poor, with a 5-year overall survival (OS) of 23%.[@b2-ott-11-3159]--[@b4-ott-11-3159] Unfortunately, metastases are found in statistically up to 23% of osteosarcoma patients, and the lung is the most common site.[@b5-ott-11-3159],[@b6-ott-11-3159] Thus, there is an urgent need for a better understanding of the molecular mechanisms that contribute to the process of osteosarcoma metastasis and for a promising diagnostic and prognostic biomarkers for metastatic osteosarcoma.

Carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6) is a member of the immunoglobulin supergene family.[@b7-ott-11-3159] Previous studies have revealed that CEACAM6 is involved in many crucial cellular events such as cell adhesion, migration, invasion and tumorigenicity.[@b8-ott-11-3159]--[@b10-ott-11-3159] Overexpression of CEACAM6 has been observed in various types of human cancer, including colorectal cancer, breast cancer, ovarian neoplasms and intrahepatic cholangiocarcinoma, and may be associated with tumor progression and metastasis.[@b11-ott-11-3159]--[@b14-ott-11-3159] Recently, Liu et al found that CEACAM6 was notably highly expressed in metastatic osteosarcoma tissues when compared with nonmetastatic osteosarcoma tissues.[@b15-ott-11-3159] However, the mechanisms and clinical significances underlying the participation of CEACAM6 in osteosarcoma metastasis still remain to be elucidated.

In the current work, we confirmed that the expression of CEACAM6 was increased in metastatic osteosarcoma tissues. Overexpression of CEACAM6 positively correlated with lung metastasis status, and predicted poorer prognosis in osteosarcoma. Moreover, silencing CEACAM6 effectively attenuated osteosarcoma cell migration and invasion. In addition, we found that CEACAM6 facilitated epithelial--mesenchymal transition (EMT) in osteosarcoma cell lines. Therefore, our research indicates that CEACAM6 plays a pivotal role in osteosarcoma progression and might serve as a promising prognostic biomarker for osteosarcoma.

Materials and methods
=====================

Cell lines
----------

Human hFOB1.19 osteoblasts, fibroblast NIH3T3 cell lines, and osteosarcoma cell lines, including MG-63, HOS, U-2 OS, Saos-2 and 143B cells, purchased commercially from American Type Culture Collection (ATCC) (Manassas, VA, USA), were used and cultured in DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA).

Patient information and tissue specimens
----------------------------------------

A total of 91 paraffin-embedded osteosarcoma tissues, which had been histopathologically and clinically diagnosed, were collected for this study. Fresh osteosarcoma samples, including three nonmetastatic (primary) and three metastatic osteosarcoma tissues, and two adjacent non-tumor tissues, were obtained from patients who were diagnosed with osteosarcoma. All samples were collected from the First People's Hospital of Yunnan Province. Written informed consent forms to use these tissue samples for research purposes were obtained from all patients. This study was approved by the Ethics Committee of the First People's Hospital of Yunnan Province according to the 1975 Declaration of Helsinki.

Total RNA extraction, reverse transcription (RT) and real-time polymerase chain reaction (PCR)
----------------------------------------------------------------------------------------------

Total RNA from fresh tissues was isolated using the Trizol reagent (Invitrogen) according to instructions from the manufacturer, and the mRNA levels of CEACAM6 were evaluated by RT-PCR. First, 2 μg of total RNA was reverse transcribed to cDNA using M-MLV Reverse Transcriptase (Promega, Madison, WI, USA) according to the manufacturer's protocol. RT-PCR analysis was performed on an ABI Prism 7500 Sequence Detection System (Applied Biosystems; Thermo Fisher Scientific, Waltham, MA, USA). The results were normalized to the expression of the housekeeping gene GAPDH. Relative expression levels were calculated as 2^−(\[Ct\ of\ gene\]\ --\ \[Ct\ of\ GAPDH\])^, in which Ct represents the threshold cycle for each transcript. The oligonucleotide primers are listed as follows: CEACAM6 (forward, 5′-ACGTCACCCAGAATGACACA-3′; reverse, 5′-GACCATTTACCCACCACAGG-3′); GAPDH (forward, 5′-GTCTCCTCTGACTTCAACAGCG-3′; reverse, 5′-ACCACCCTGTTGCTGTAGCCAA-3′).

Plasmids, virus constructs and retroviral infection of target cells
-------------------------------------------------------------------

Human CEACAM6 shRNA clone (HSH011682-CU6) was purchased from GeneCopoeia (Guangzhou, China). The plasmid transfections were performed using the Lipofectamine 3000 reagent (Invitrogen) according to instructions from the manufacturer.

Western blot analysis
---------------------

Western blot analysis was performed as previously described,[@b16-ott-11-3159] using antibodies against CEACAM6 (ab154614, 1:200; Abcam, Cambridge, UK), E-cadherin (\#3195, 1:1,000; Cell Signaling, Danvers, MA, USA), N-cadherin (\#4061, 1:1,000; Cell Signaling), vimentin (\#5741, 1:1,000; Cell Signaling), and α-tubulin (T6199, 1:2,000; Sigma-Aldrich, St Louis, MO, USA). α-Tubulin was used as the loading control.

Immunohistochemistry
--------------------

Immunohistochemical (IHC) analysis was conducted as described previously.[@b17-ott-11-3159] After deparaffinization, the sections were immunohistochemically stained using anti-CEACAM6 (ab154614, 1:200; Abcam).

Evaluation of immunohistochemistry
----------------------------------

The degree of immunostaining of formalin-fixed, paraffin-embedded sections was examined and scored independently by two pathologists. The IHC staining score was determined as previously described.[@b18-ott-11-3159] A tumor cell proportion was scored as: 0, no positive tumor cells; 1, 1%--25% positive tumor cells; 2, 25%--50% positive cells; 3, 50%--75% positive tumor cells and 4, \>75% positive tumor cells. Staining intensity was scored as: 0, negative; 1, weak; 2, moderate and 3, strong. The staining index (SI) was calculated as the staining intensity score × the proportion of positive tumor cells (ranging from 0 to 12) and grouped as low (SI\<6) and high (SI≥6) expression.

Wound-healing assay
-------------------

MG-63 and U-2 OS cell lines were plated in 6-well plates and grown to \~90% confluence. Twenty-four hours after transfection, the cells were serum starved for 6 h. Then, a streak was created across the well using a 200 μL pipette tip. The cells were washed with PBS for three times, and medium without serum was added into the wells. The progression of migration was photographed immediately and again at 24 h after wounding. The migration distance was measured randomly at five sites perpendicular to the wound to estimate the migration ability. Each experiment was replicated three times.

Cell invasion assay
-------------------

Cell invasive ability was evaluated using 24-well transwell plates (Costar; Corning Incorporated, Corning, NY, USA). Before cell seeding, the matrigel (BD Biosciences, San Jose, CA, USA) was diluted in serum-free medium at a concentration of 1 mg/mL. Hundred microliters of diluted matrigel per well was added into the top chamber and incubated for 4 h at 37°C. Twenty-four hours after transfection, 1×10^4^ cells in 200 μL of serum-free medium were placed on the top chamber. The low chamber was filled with 500 μL of DMEM supplemented with 20% FBS (Invitrogen). After 24 h of incubation, cells invading into the bottom of the inserts were fixed with methanol and stained with crystal violet. Then, the invaded cells were observed and quantified by counting in five random high-magnification fields using microscopy. Each experiment was replicated three times.

Statistical analysis
--------------------

All data management and statistical analyses were carried out using the SPSS software version 17.0 (SPSS Inc., Chicago, IL, USA). Data are shown as mean ± SD. The relationship between the CEACAM6 expression and the clinicopathologic features of osteosarcoma was evaluated using the chi-square and Fisher's exact tests. Survival curves were analyzed using the Kaplan--Meier method and the log-rank test. Other comparisons were estimated using unpaired two-sided Student's *t*-test. *P*\<0.05 was considered statistically significant in all cases.

Results
=======

CEACAM6 is overexpressed in metastatic osteosarcoma
---------------------------------------------------

To explore the clinical significance and biological role of CEACAM6 in osteosarcoma, we first analyzed its expression in osteosarcoma cells and tissues. As shown in [Figure 1A and B](#f1-ott-11-3159){ref-type="fig"}, the mRNA and protein levels of CEACAM6 were expressed at high levels in osteosarcoma cells (MG-63, HOS, U-2 OS, Saos-2 and 143B) compared with FOB or NIH3T3 cells. Notably, CEACAM6 mRNA and protein levels were significantly higher in tumors with metastasis than those in tumors without metastasis ([Figure 1C and D](#f1-ott-11-3159){ref-type="fig"}). Similar result was obtained when analyzing the mRNA expression of CEACAM6 in osteosarcoma using publicly published dataset GSE9508 and GSE14359 ([Figure 1E and F](#f1-ott-11-3159){ref-type="fig"}). Moreover, the expression of CEACAM6 was further assessed by IHC staining in 91 paraffin-embedded osteosarcoma tissues ([Figure 2A](#f2-ott-11-3159){ref-type="fig"}). Statistical analysis confirmed that CEACAM6 was significantly upregulated in metastatic osteosarcoma.

CEACAM6 expression is associated with the clinicopathologic characteristics of osteosarcoma
-------------------------------------------------------------------------------------------

We next assessed the clinical relevance of CEACAM6 in osteosarcoma. Ninety-one osteosarcoma patients, whose characteristics are listed in [Table 1](#t1-ott-11-3159){ref-type="table"}, were successfully followed up. Correlation analysis showed that high expression of CEACAM6 was significantly associated with lung metastasis status (*P*=0.006) in patients with osteosarcoma ([Table 2](#t2-ott-11-3159){ref-type="table"}). Moreover, Kaplan--Meier survival analyses showed that osteosarcoma patients with high CEACAM6 protein expression had a significantly shorter OS time ([Figure 2B](#f2-ott-11-3159){ref-type="fig"}) and lung metastasis-free survival (LMFS) time ([Figure 2C](#f2-ott-11-3159){ref-type="fig"}) than those with low CEACAM6 expression. Taken together, these data suggest that high CEACAM6 protein expression might contribute to osteosarcoma metastasis, leading to poor clinical outcome.

CEACAM6 knockdown attenuates osteosarcoma cell migration and invasion in vitro
------------------------------------------------------------------------------

To further investigate the potential biological functions of CEACAM6 in osteosarcoma cells, we performed migration and invasion assays. MG-63 and U-2 OS cells were transduced with lentiviruses carrying either CEACAM6-siRNA or control siRNA ([Figure 3A and B](#f3-ott-11-3159){ref-type="fig"}). As shown in [Figure 3C](#f3-ott-11-3159){ref-type="fig"}, wound-healing assays indicated that silencing CEACAM6 significantly decreased the cell migration distance of MG-63 and U-2 OS osteosarcoma cell lines. Matrigel-coated tran-swell experiments revealed that CEACAM6 knockdown reduced the number of invading cells in MG-63 and U-2 OS cells ([Figure 3D](#f3-ott-11-3159){ref-type="fig"}). Taken together, these results suggest that CEACAM6 knockdown attenuates the metastatic ability of osteosarcoma cells.

CEACAM6 facilitates EMT in osteosarcoma cell lines
--------------------------------------------------

EMT is known to be associated with the metastatic ability of osteosarcoma cells.[@b19-ott-11-3159] To investigate the mechanism of CEACAM6-mediated promotion in the invasiveness and migration of osteosarcoma cells, we next sought to identify whether CEACAM6 alters the expression of EMT markers. Notably, knocked down of CEACAM6 produced a dramatic shift in morphology, from a stick-like or long spindle-shaped mesenchymal-like cell population to a short spindle-shaped or round and flat epithelial-like cell population ([Figure 4A](#f4-ott-11-3159){ref-type="fig"}). Moreover, as shown in [Figure 4B](#f4-ott-11-3159){ref-type="fig"}, we found that the expression levels of N-cadherin, vimentin and fibronectin were decreased, whereas E-cadherin and γ-catenin expression levels were increased, when CEACAM6 was silenced in MG-63 and U-2 OS osteosarcoma cell lines. These results imply that CEACAM6 promotes osteosarcoma cell migration and invasion by regulating the EMT pathway.

Discussion
==========

The CEACAMs are a subgroup of the CEA family of immunoglobulin-related proteins, containing 12 different members.[@b20-ott-11-3159] Previous studies have shown that CEACAMs are involved in morphogenesis,[@b21-ott-11-3159] angiogenesis,[@b22-ott-11-3159] cell proliferation,[@b23-ott-11-3159] cell motility,[@b24-ott-11-3159] apoptosis[@b25-ott-11-3159] and regulation of cell matrix attachment.[@b26-ott-11-3159] Dysregulation of CEACAMs contributes to human cancer malignancy, including osteosarcoma.[@b8-ott-11-3159],[@b15-ott-11-3159],[@b27-ott-11-3159]--[@b30-ott-11-3159] CEACAM1 was elevated in osteosarcoma patients and positively correlated with tumor size, clinical stage, tumor grade and distant metastases.[@b30-ott-11-3159] The CEA assay could be used as an important tool to prognosticate the clinical recurrence of osteosarcoma during therapy.[@b29-ott-11-3159] Similar to our results, recently, Liu et al found that CEACAM6 mRNA was notably highly expressed in metastatic osteosarcoma tissues when compared with the nonmetastatic osteosarcoma tissues.[@b15-ott-11-3159] However, its clinical significances, as well as biological functions, in osteosarcoma metastasis remain to be elucidated. Herein, we found that CEACAM6 was significantly associated with lung metastasis status (*P*=0.006) in patients with osteosarcoma. Moreover, Kaplan--Meier survival analyses showed that patients with high CEACAM6 expression had significantly worse OS and LMFS than those with low CEACAM6 expression, suggesting that CEACAM6 might be a promising prognostic biomarker for osteosarcoma.

Recently, more and more evidences revealed that CEACAM6 plays an important role in tumor metastasis. Kim et al discovered that high level of CEACAM6 is significantly correlated with colorectal cancer lymph nodal and distance metastasis, and promotes colorectal cancer cells invasion by regulating E-cadherin expression.[@b11-ott-11-3159] Blumenthal et al demonstrated that targeting the N and A1B1 domains of CEACAM5/CEACAM6 using antibody Fabs obviously suppressed colorectal cancer cells lung metastasis.[@b8-ott-11-3159] Moreover, CEACAM6 could promote tamoxifen-resistant breast cancer cells invasive properties, and might be an important biomarker of breast cancer metastasis.[@b31-ott-11-3159] In addition, CEACAM6 silencing impairs pancreatic adenocarcinoma cells anoikis resistance in vitro, and liver metastatic ability in vivo.[@b32-ott-11-3159] Consistent with these results, our study confirmed that CEACAM6 was upregulated in metastatic osteosarcoma. High CEACAM6 expression predicted quicker occurrence of lung metastasis event in osteosarcoma patients. Moreover, CEACAM6 gene silencing dramatically reduced osteosarcoma cells migration and invasion by regulating the EMT pathway. Taken together, these findings supported the crucial role of CEACAM6 in tumor metastasis, and it might be a useful therapeutic target against osteosarcoma metastasis.

EMT is a developmental program that guides proper cell movement during embryogenesis,[@b33-ott-11-3159] and is commonly hijacked by cancer cells in the process of metastasis, conferring on epithelial cells properties that are critical to invasion and metastatic dissemination.[@b34-ott-11-3159] The EMT program is characterized by downregulation of epithelial marker, such as E-cadherin, and upregulation of mesenchymal markers, such as N-cadherin and vimentin.[@b34-ott-11-3159] Herein, we found that E-cadherin and γ-catenin expression levels were increased, while N-cadherin, vimentin and fibronectin expression levels were decreased in CEACAM6 silencing osteosarcoma cells, suggesting that CEACAM6 promotes osteosarcoma cells metastatic properties by regulating EMT pathway. However, the molecular mechanism remains to be further investigated.

Conclusion
==========

Our study revealed that CEACAM6 is upregulated in metastatic osteosarcoma tissues and promotes osteosarcoma cells migration and invasion by regulating the EMT pathway. CEACAM6 may serve as a predictive biomarker for poor prognosis and lung metastasis in osteosarcoma. Targeting CEACAM6 might also represent a potentially novel therapeutic strategy for osteosarcoma.
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![CEACAM6 is overexpressed in metastatic osteosarcoma.\
**Notes:** Real-time PCR (**A**) and Western blot (**B**) analysis of CEACAM6 expression in human osteosarcoma cell lines. Real-time PCR (**C**) and Western blot (**D**) analysis of CEACAM6 expression in human osteosarcoma tissues. (N, n=2; primary, n=3; metastasis, n=3). CEACAM6 mRNA expression levels were significantly upregulated in metastatic osteosarcoma compared with non-metastatic osteosarcoma samples by analyzing GSE9508 (**E**) or GSE14359 (**F**) dataset of osteosarcoma. α-Tubulin was used as a protein loading control, and the integrated densities of CEACAM6 were quantified and normalized to α-tubulin using ImageJ software. mRNA expression was normalized to GAPDH. Error bars represent the mean ± SD of three independent experiments. \**P*\<0.05. Primary denotes non-metastatic osteosarcoma; metastasis denotes metastatic osteosarcoma.\
**Abbreviations:** CEACAM6, carcinoembryonic antigen-related cell adhesion molecule 6; N, adjacent non-tumor tissues; OS, overall survival; Osteob, non-neoplastic primary osteoblast cells; PCR, polymerase chain reaction.](ott-11-3159Fig1){#f1-ott-11-3159}

![CEACAM6 expression is associated with the clinicopathologic characteristics of osteosarcoma.\
**Notes:** (**A**) Representative immunohistochemical analysis of CEACAM6 expression in primary and metastatic osteosarcoma tissues. Kaplan--Meier analysis of overall survival (**B**) and lung metastasis-free survival (**C**) curves for osteosarcoma patients with low CEACAM6 expression (n=44) versus high CEACAM6 expression (n=47; log-rank test). Primary denotes non-metastatic osteosarcoma; metastasis denotes metastatic osteosarcoma.\
**Abbreviation:** CEACAM6, carcinoembryonic antigen-related cell adhesion molecule 6.](ott-11-3159Fig2){#f2-ott-11-3159}

![Knockdown of CEACAM6 inhibits osteosarcoma cell migration and invasion.\
**Notes:** Western blot (**A**) and real-time PCR (**B**) analysis of CEACAM6 expression in the constructed MG-63 and U-2 OS cells. α-Tubulin was used as a protein loading control, and mRNA expression was normalized to GAPDH. (**C**) Quantification of wound-healing assays for the indicated cell lines after 24 h. (**D**) Representative micrographs (left panel) and quantification (right panel) of the invasiveness of indicated cells in the transwell matrix penetration assays. Data represent the mean ± SD of three independent experiments; \**P*\<0.05.\
**Abbreviations:** CEACAM6, carcinoembryonic antigen-related cell adhesion molecule 6; OS, overall survival; PCR, polymerase chain reaction.](ott-11-3159Fig3){#f3-ott-11-3159}

![CEACAM6 facilitates EMT in osteosarcoma cell lines.\
**Notes:** (**A**) Morphology change in the indicated cell lines. (**B**) Western blot analysis of E-cadherin, γ-catenin, N-cadherin, vimentin and fibronectin expression in the constructed MG-63 and U-2 OS cells. α-Tubulin was used as a protein loading control.\
**Abbreviations:** CEACAM6, carcinoembryonic antigen-related cell adhesion molecule 6; EMT, epithelial--mesenchymal transition; OS, overall survival.](ott-11-3159Fig4){#f4-ott-11-3159}

###### 

Clinicopathologic characteristics of 91 osteosarcoma patients

  Characteristics               Number of cases (%)
  ----------------------------- ---------------------
  Gender                        
   Female                       33 (36.3)
   Male                         58 (63.7)
  Age (years)                   
   ≤20                          65 (71.4)
   21--40                       24 (26.4)
   \>40                         2 (2.2)
  Location                      
   Distal femur                 48 (52.7)
   Proximal tibia               22 (24.2)
   Proximal humerus             10 (11.0)
   Proximal femur               6 (6.6)
   Others                       5 (5.5)
  Enneking                      
   IIB                          70 (76.9)
   III                          21 (23.1)
  Relapse                       
   Yes                          8 (8.8)
   No                           83 (91.2)
  Lung metastasis               
   Yes                          34 (37.4)
   No                           57 (62.6)
  CEACAM6 expression            
   High                         47 (51.6)
   Low                          44 (48.4)
  Vital status (at follow-up)   
   Alive                        48 (52.7)
   Dead                         43 (47.3)

**Abbreviation:** CEACAM6, carcinoembryonic antigen-related cell adhesion molecule 6.

###### 

Correlation between the CEACAM6 expression and the clinicopathologic characteristics of osteosarcoma patients

  Characteristics               CEACAM6 expression   *P*-values   
  ----------------------------- -------------------- ------------ -------
  Gender                                                          0.677
   Female                       15                   18           
   Male                         29                   29           
  Age (years)                                                     0.110
   ≤20                          31                   34           
   21--40                       11                   3            
   \>40                         1                    1            
  Location                                                        0.078
   Distal femur                 29                   19           
   Proximal tibia               6                    16           
   Proximal humerus             3                    7            
   Proximal femur               3                    3            
   Others                       3                    2            
  Enneking                                                        0.939
   IIB                          34                   36           
   III                          10                   11           
  Relapse                                                         0.520
   Yes                          3                    5            
   No                           41                   42           
  Lung metastasis                                                 0.006
   Yes                          10                   24           
   No                           34                   23           
  Vital status (at follow-up)                                     0.005
   Alive                        30                   18           
   Dead                         14                   29           

**Abbreviation:** CEACAM6, carcinoembryonic antigen-related cell adhesion molecule 6.
